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(57) ABSTRACT

A heat-transfer system includes a cooling circuit configured
to convey heated coolant from one or more cooling nodes to
one or more heat-rejection devices, and to convey the cooled
coolant from the one or more heat-rejection devices to the
one or more cooling nodes. Each cooling node facilitates a
transfer of heat to the coolant, the heat being from one or
more heat-dissipation devices and a corresponding heat load
on the respective cooling node. Each heat-rejection device
facilitates heat transfer from the coolant to another medium.
The heat-transfer system also has a selectively operable
flow-control device configured to control a flow rate of the
coolant through a segment of the coolant circuit. A control
logic selectively operates the flow-control device responsive
to an output from one or more sensors to tailor a cooling
capacity available to each cooling node to the real-time heat
load on the respective cooling node.

16 Claims, 10 Drawing Sheets
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SMART COMPONENTS, SYSTEMS AND
METHODS FOR TRANSFERRING HEAT

CROSS-REFERENCE TO RELATED
APPLICATIONS

Pertinent disclosures include, by way of example, U.S.
Pat. No. 9,052,252, issued Jun. 9, 2015, U.S. Pat. No.
10,364,809, issued Jul. 30, 2019, U.S. Pat. No. 10,365,667,
issued Jul. 30, 2019. Each of the foregoing references is
hereby incorporated by reference in its entirety as if fully set
forth herein, for all purposes.

FIELD

This application and the subject matter disclosed herein
(collectively referred to as the “disclosure”), generally con-
cern liquid-based heat-transfer systems. More particularly,
but not exclusively, this disclosure pertains to systems,
methods, and components for cooling electronics.

BACKGROUND INFORMATION

Component and overall heat dissipation, together with
computing performance, increases with each successive
generation of server (including each successive generation
of processing component, power-delivery component, chip-
set component, memory controller component, memory
component, and other components) within those servers.
Consequently, liquid-cooling technologies have become
desirable within data centers and other computing installa-
tions for their ability to efficiently remove heat dissipated by
processing units and other server components.

SUMMARY

Notwithstanding that component and overall heat dissi-
pation may increase for each successive generation of server
or component, not all servers and components operate at full
capacity throughout their useful life. Rather, heat dissipation
by a given server (and by each component within the server)
typically varies according to the workload the server (or the
component) is called to perform (sometimes referred to
generally in the art as an “IT workload™). In some respects,
disclosed principles pertain to tailoring a liquid-cooling
system to match an expected IT workload. In other respects,
disclosed principles pertain to adjusting operation of liquid-
cooling system in real-time to match an observed or inferred
IT workload. By tailoring or adjusting operation of liquid-
cooling systems to correspond to observed, expected or
inferred IT workloads, relatively high over-all system effi-
ciency can be achieved, as unnecessary excess cooling can
be avoided.

A heat-transfer system includes a cooling circuit config-
ured to convey heated coolant from one or more cooling
nodes to one or more heat-rejection devices, and to convey
the cooled coolant from the one or more heat-rejection
devices to the one or more cooling nodes. Each cooling node
facilitates a transfer of heat to the coolant, the heat being
from one or more heat-dissipation devices and a correspond-
ing heat load on the respective cooling node. Each heat-
rejection device facilitates heat transfer from the coolant to
another medium. The heat-transfer system also has a selec-
tively operable flow-control device configured to control a
flow rate of the coolant through a segment of the coolant
circuit. A control logic selectively operates the flow-control
device responsive to an output from one or more sensors to
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2

tailor a cooling capacity available to each cooling node to
the real-time heat load on the respective cooling node.

The coolant in the cooling circuit can be a facility coolant.
At least one of the one or more cooling nodes can include a
coolant heat-exchange unit configured to transfer heat from
a secondary coolant to the facility coolant, cooling the
secondary coolant. The heat-transfer system can also include
a secondary cooling circuit having a plurality of server-
cooling nodes. A secondary distribution manifold can be
configured to distribute the secondary coolant among the
plurality of server-cooling nodes. A secondary collection
manifold can be configured to collect the secondary coolant
from the plurality of server-cooling nodes. The coolant
heat-exchange unit can fluidicly couple with the secondary
collection manifold to receive heated secondary coolant
from the plurality of server-cooling nodes. The coolant
heat-exchange unit can fluidicly couple with the secondary
distribution manifold to distribute cooled secondary coolant
among the plurality of server-cooling nodes.

The coolant heat-exchange unit can be a first coolant
heat-exchange unit and the secondary cooling circuit can be
a first secondary cooling circuit. At least one of the one or
more cooling nodes can include a second coolant heat-
exchange unit and the heat-transfer system can further
include a second secondary cooling circuit cooled by the
facility coolant.

The one or more cooling nodes can include one or more
component-cooling nodes corresponding to each of a plu-
rality of servers. Hach component-cooling node can be
configured to transfer heat from a processing unit to the
coolant. The one or more heat-rejection devices can include
a coolant heat-exchange unit configured to transfer heat
from the coolant to a facility coolant.

The selectively operable flow-control device can include
an adjustable valve. The selectively operable flow-control
device can include a controllable pump.

The one or more heat-rejection devices can include a
waste-heat recovery device configured to transfer heat from
the coolant to another working fluid.

The heat-transfer system can also include a gateway
having a first communication connection with the control
logic, the plurality of sensors, or both. The gateway can also
include a second communication connection with a Data
Center Information Manager, a Building Management Sys-
tem, or both. In some embodiments, the gateway is config-
ured to receive first information over the first communica-
tion connection and to communicate the received first
information over the second communication connection, to
receive second information over the second communication
connection and to communicate the received second infor-
mation over the first communication connection, or both.

In some embodiments, the first received information can
correspond to a measure of cooling margin available from
the heat-transfer system. In some embodiments, the second
received information corresponds to an IT workload sched-
uled for one or more servers. For example, the heat load on
the respective cooling node can correspond to the IT work-
load.

According to other aspects, a heat-transfer system
includes a plurality of cooling nodes. Each cooling node is
configured to directly or indirectly transfer heat to a coolant.
The transferred heat is generated by one or more electronic
components corresponding to each cooling node. A flow
controller is configured to control a flow rate of coolant to
a selected one or more of the plurality of cooling nodes in
correspondence with a real-time determination of the heat
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generated by the one or more electronic components that
correspond to the selected one or more of the plurality of
cooling nodes.

In some embodiments, the heat-transfer system also
includes a communication gateway configured to receive
information from the flow controller and to communicate the
information to a Building Management System, a Data
Center Information Manager, or both. For example, in some
embodiments, the heat-transfer system includes a plurality
of sensors. FEach sensor in the first plurality of sensors can
be configured to observe a corresponding one or more
parameters of a selected one of the plurality of cooling
nodes. The communication gateway can be configured to
determine a state of-operational-health of the selected cool-
ing node from the one or more parameters observed by the
plurality of sensors. The communication gateway can be
further configured to communicate an indication of the state
of-operational-health to the Building Management System,
the Data Center Information Manager, or both.

In some embodiments, the communication gateway is
configured to receive information from the Building Man-
agement System, the Data Center Information Manager, or
both. In some embodiments, the communication gateway
can also be configured to communicate the information to
the flow controller. For example, the flow controller can be
configured to control the flow rate of coolant to the selected
one or more of the plurality of cooling nodes responsive to
information received from the communication gateway.

In some embodiments, the flow controller is configured to
isolate one of the one or more of the plurality of cooling
nodes responsive to information received from the commu-
nication gateway. For example, information received from
the communication gateway can correspond to information
received by the gateway from the Building Management
System, the Data Center Information Manager, or both. Such
received information can indicate a leak or other system
operating fault.

In some embodiments, a real-time determination of a
generated heat load to be cooled corresponds to information
received from the Building Management System, the Data
Center Information Manager, or both.

In some embodiments, the flow controller includes a
control logic and a flow-control device. For example, the
flow-control device comprises a valve, a pump, or both.

Also disclosed are associated methods, as well as tan-
gible, non-transitory computer-readable media including
computer executable instructions that, when executed, cause
a computing environment to implement one or more meth-
ods disclosed herein. Digital signal processors embodied in
software, firmware, or hardware and being suitable for
implementing such instructions also are disclosed.

The foregoing and other features and advantages will
become more apparent from the following detailed descrip-
tion, which proceeds with reference to the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring to the drawings, wherein like numerals refer to
like parts throughout the several views and this specifica-
tion, aspects of presently disclosed principles are illustrated
by way of example, and not by way of limitation.

FIG. 1 illustrates a modular heat-transfer system config-
ured to cool a plurality of independently operable, rack-
mounted servers.
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FIG. 2 shows an isometric view of a branch of the cooling
system within a server shown in FIG. 1, together with two
cooling nodes for cooling two corresponding electronic
components in the server.

FIG. 3 schematically illustrates a portion of another
embodiment of a modular heat-transfer system.

FIG. 4 schematically illustrates a portion of yet another
embodiment of a modular heat-transfer system.

FIG. 5 schematically illustrates a further embodiment of
a modular heat-transfer system incorporating a waste-heat
recovery branch. The heat-transfer system in FIG. 5 can be
analogous to the system shown in any of FIGS. 1, 3 and 4
with an added waste-heat recovery branch.

FIG. 6 shows a plot of pressure head (or loss) as a function
of flow rate for a pump and for a given coolant loop under
different operating conditions.

FIG. 7 shows a family of pump curves for a pump
operating at several different speeds.

FIG. 8 shows a block diagram of a computing environ-
ment suitable for implementing disclosed methods.

FIGS. 9 and 10 show operating conditions for a working
example under different conditions.

DETAILED DESCRIPTION

The following describes various principles related to
smart components, systems and methods for transferring
heat with liquid. For example, certain aspects of disclosed
principles pertain to tailoring a cooling system’s operation to
an observed heat load or distribution of heat loads through-
out the cooling system. That said, descriptions herein of
specific apparatus configurations and combinations of
method acts are but particular examples of contemplated
components, systems, and methods chosen as being conve-
nient illustrative examples of disclosed principles. One or
more of the disclosed principles can be incorporated in
various other embodiments to achieve any of a variety of
corresponding characteristics.

Thus, embodiments having attributes that are different
from those specific examples discussed herein can incorpo-
rate one or more presently disclosed principles, and can be
used in applications not described herein in detail. Accord-
ingly, such alternative embodiments also fall within the
scope of this disclosure.

1. Overview

Component and overall heat dissipation during computa-
tionally intensive workloads may be much higher than
component and overall heat dissipation during periods of
low computation activity, as when a server is primarily
transferring data rather than rendering graphics or perform-
ing other computationally intensive work. Such “I/O inten-
sive” workloads can arise, for example, when a server serves
data over a network connection for a streaming application.

And, although a typical server rack of the type used in a
data center can accommodate 42 individual servers, some
server racks can accommodate more or fewer individual
servers. Further, some server racks might not be fully
populated regardless of their capacity.

Thus, a cooling system designed to provide a static rate of
cooling to each server (or component or rack) assumed to be
present in a given installation, e.g., based on an anticipated
upper threshold level of heat dissipation by each component
in each server in each rack, may adequately cool the various
components when all are operating under a heavy or maxi-
mum computational workload. However, that cooling sys-
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tem may provide unnecessary excess cooling to the various
components under other workloads, e.g., that cause one or
more servers (or components) to dissipate less heat. Stated
differently, a cooling system designed for an upper threshold
power dissipation by all servers in a given rack (or all
servers in group of racks in a datacenter) may be over
designed when the upper-threshold power dissipation only
occasionally occurs on a per-server basis (and perhaps rarely
if at all across all servers associated with the cooling
system). That is to say, the cooling system may have excess
cooling capacity, or margin, under “typical” datacenter
workloads.

While a selected degree of margin or excess cooling
capacity may be desirable, liquid cooling systems consume
power to operate, e.g., to pump a coolant through the various
cooling system components. Accordingly, providing “too
much” excess cooling to a server (or a group of servers) can
result in less-than-optimal overall efficiency for the aggre-
gate installation. Accordingly, disclosed principles provide a
means for tailoring the cooling capacity provided by a given
cooling system to an actual amount of heat being dissipated
by each component, server, and/or rack in a datacenter. Such
tailoring of cooling capacity can improve overall efficiency
for the server installation compared to a server installation
that relies on a cooling system that provides “too much”
excess cooling.

According to one aspect, tailoring the cooling capacity of
a cooling system to a server installation can involve reduc-
ing the rate of cooling provided by a cooling system to
match a server’s (or a component’s or a rack’s) lower rate of
heat dissipation during times of, for example, 1O intensive
operation. According to another aspect, tailoring the cooling
capacity can involve matching the number of servers cooled
by a given cooling system to that cooling system’s overall
cooling capacity. According to yet another aspect, tailoring
the cooling capacity can involve adjusting one or more
coolant temperatures, coolant flow rates, and/or other cool-
ing-system parameters to adjust the rate of cooling provided
by the cooling system to a selected one or more heat-
dissipating components. Aspects of this disclosure pertain to
systems, methods, and components for tailoring a liquid-
cooling system’s operation to an actual or estimated heat
load that the liquid-cooling systems is called on to cool.

As but one illustrative example, a disclosed liquid-cooling
system can tailor operation of one or more cooling nodes to
the workload of a corresponding group of electronic com-
ponents, group of servers incorporating or associated with
such components, and/or group of racks incorporating or
associated with such servers. For example, a liquid-cooling
system can control a flow rate of coolant throughout the
cooling system, through one or more selected branches of a
coolant circuit, and/or through one or more selected cooling
nodes of the cooling system. In some embodiments, a
controller can adjust operation of one or more pumps, one or
more valves, or a combination of one or more pumps and
one or more valves to tailor the cooling capacity of a
selected cooling nodes to correspond to the heat dissipated
by the components, servers, and/or racks cooled by the
cooling nodes.

Other, related principles also are disclosed. For example,
the following describes machine-readable media containing
instructions that, when executed, cause a processor of, e.g.,
a controller or other computing environment, to perform one
or more disclosed methods. Such instructions can be embed-
ded in software, firmware, or hardware. In addition, dis-
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closed methods and techniques can be carried out in a
variety of forms of processor or controller, as in software,
firmware, or hardware.

II. Modular Heat-Transfer Systems

By way of example, FIG. 1 shows an array 50 of inde-
pendently operable servers 12a, 126 . . . 12r» mounted in a
rack, or chassis, together with aspects of a modular heat-
transfer system for cooling the servers. In FIG. 1, each
server 12a-n contains one or more corresponding electronic
components that dissipate heat while operating. A heat-
transfer (e.g., cooling) system can use a liquid coolant to
collect heat from each heat source and carry the heat to a
suitable heat sink, e.g., a radiator that rejects the heat from
the coolant to a facility liquid, atmospheric air, and/or air in
a conditioned room containing the rack of servers. Such an
arrangement for cooling rack mounted servers is described
in further detail in U.S. Pat. No. 9,496,200.

FIG. 1 also shows a rack-level coolant-distribution unit
10. A coolant-distribution unit is sometimes referred to as a
“coolant heat-exchange unit” when it incorporates a heat-
exchanger to reject heat from the coolant passing through
the coolant-distribution unit. In the embodiment depicted in
in FIG. 1, the coolant-distribution unit 10 can have at least
one pump and can also incorporate a reservoir and other
components, regardless of whether the coolant-distribution
unit incorporates a heat exchanger.

In the embodiment shown in FIG. 1, the coolant-distri-
bution unit 10 incorporates a heat exchanger. When a heat
exchanger is included within the confines of the coolant-
distribution unit 10, as in FIG. 1, the coolant-distribution
unit 10 can receive a warm coolant carrying heat from the
servers 12a-n and facilitate transfer of that heat from the
warm coolant to another medium. The coolant-distribution
unit 10 can return the cooled coolant to the servers to collect
further heat from the servers.

In other embodiments, a coolant-distribution unit receives
cooled coolant from a heat exchanger outside the confines of
the coolant-distribution unit or delivers warm coolant to a n
external (e.g., outside the confines of the coolant-distribu-
tion unit) heat exchanger. The external heat exchanger cools
the coolant before being distributed among and through the
servers 12a-n.

A modular cooling system as shown in FIGS. 1 and 2 can
provide at least one cooling node for each server. As used
herein, the term “node” means an identifiable component (or
an identifiable group of components) within a system and
the term “cooling node” means an identifiable component
(or an identifiable group of components) that absorb(s) heat
from an external source (e.g., that cools the external heat
source).

For example, in context of a modular heat-transfer system
for cooling one rack of 42 individual servers, the cooling
system can have a cooling node for each server. Stated
differently, the cooling system can have 42 server-cooling
nodes, with each server-cooling node corresponding to one
of'the 42 servers in the rack. For example, the portion of the
modular cooling system shown in FIGS. 1 and 2 provides a
server-cooling node 11 for each server 12a-n.

Similarly, in context of a system for cooling a plurality of
racks of servers (as described more fully below), a modular
cooling system can provide a rack-cooling node for each
rack of servers. In FIG. 1, for example, a rack-cooling node
encompasses all 42 of the server-cooling nodes 11.

In similar fashion, a given server-cooling node (or more
than one of them, or all of them) can incorporate one or more
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component-cooling nodes. For example, if a given server
has two electronic components (e.g., two processors) to be
cooled by that server’s server-cooling node, that server’s
server-cooling node can provide one component-cooling
node for each electronic component to be cooled. As FIG. 2
shows, the server cooling node 11 provides a first compo-
nent-cooling node 20a and a second component-cooling
node 205. The first component-cooling node 20a is ther-
mally coupled with a first processor to transfer heat from the
first processor to a liquid coolant passing through the first
component-cooling node 20q. Similarly, the second compo-
nent-cooling node 205 is thermally coupled with a second
processor to transfer heat from the second processor to a
liquid coolant passing through the second component-cool-
ing node 205. Representative component-cooling nodes are
described in further detail in U.S. Pat. Nos. 8,746,330 and
9,453,691. The component-cooling nodes can be passive, as
in the 330 Patent, or they can be active, e.g., include a
pump, as in the 691 patent.

FIG. 2 also depicts a portion of a coolant loop, or coolant
circuit, that conveys coolant to and from the server-cooling
node 11, as well as to and from each component-cooling
node 20q, 205. For example, the coolant-distribution unit 10
conveys cool coolant to a distribution manifold and receives
warmed coolant from a collection manifold. The coolant
loop shown in FIGS. 1 and 2 provides a branch of a fluid
circuit for each server 12a-n. Each fluid-circuit branch
receives cool coolant from the distribution manifold and
conveys the cool coolant to the server-cooling node 11
where the coolant absorbs heat. Further, each fluid-circuit
branch conveys warm coolant exiting from the server-
cooling node 11 to the collection manifold, which returns the
warmed coolant to the coolant-distribution unit 10. In the
system shown in FIGS. 1 and 2, the fluid-circuit branch for
each server-cooling node is fluidically coupled in parallel
with the fluid-circuit branches for each of the other server-
cooling nodes.

But, within the fluid-circuit branch shown in FIG. 2, the
component-cooling nodes 20a, 205 are fluidically coupled
with each other in series. For example, in FIG. 2, the
component cooling node 20a receives cool coolant arriving
from the coolant distribution manifold and heats the coolant
with heat dissipated by the first processor. After exiting the
first component-cooling node 20a, coolant heated by the first
processor enters the second component-cooling node 205,
where the coolant is further heated by the second processor
before returning to the coolant-distribution unit 10 by way of
the collection manifold. Although not shown in FIG. 2, the
component-cooling nodes 20a, 205 can be fluidically
coupled with each other in parallel, which each component-
cooling node receiving coolant from a corresponding further
branch of the coolant circuit.

The cooling capacity of a given cooling node depends on
many parameters. But, in a general sense, the available
cooling capacity corresponds to a temperature of coolant
entering the cooling node, a permissible increase in coolant
temperature as it passes through the cooling node, and a flow
rate of coolant passing through the cooling node. With all
else being equal, a cooling node with a higher mass-flow rate
of coolant passing through has a higher cooling capacity
than it does with a lower mass-flow rate of coolant passing
through. Accordingly, a cooling node that adequately cools
a heat source (e.g., an electronic component, a server, or a
rack of servers) that dissipates an upper threshold rate of
heat will provide excess cooling to the heat source if the rate
of heat dissipation by the source falls and the mass-flow rate
of coolant through the cooling node remains unchanged.

10

15

20

25

30

35

40

45

50

55

60

65

8

Stated differently, as the rate of heat dissipated by a heat
source falls, a mass-flow rate of coolant through the corre-
sponding cooling node can be reduced. As a consequence of
reducing the flow rate through the cooling node, the pressure
(or head) loss due to friction through the portion of the
coolant loop corresponding to the cooling node also is
reduced. With such a reduction in head loss, the source of the
pressure head (e.g., the pump) that drives the coolant
through that cooling node may reduce its work on the
coolant and thus may operate at a reduced power. For
example, if a mass-flow rate of coolant through a portion of
a coolant circuit can be reduced, less pressure head may be
needed to urge coolant throughout the coolant loop and so it
may be possible to reduce a pump speed, in turn reducing the
amount of energy consumed by the cooling system. For a
given rate of heat dissipated by a heat source, a reduction in
mass-flow rate of coolant through the cooling node will lead
to a correspondingly higher coolant-return temperature. For
example, for a given rate of heat absorbed by a coolant that
is assumed to be incompressible (e.g., water, a water-glycol
mixture), the increase in coolant temperature across the
region of heat transfer is linearly proportional to the flow
rate of coolant through the region. In addition to saving
energy expended by moving coolant through a cooling node,
a relatively higher coolant-return temperature improves the
quality of waste heat, increasing the ability to recover waste
heat for useful purposes. By way of example, recovered
waste heat can be used to heat domestic hot water, to heat a
working fluid (e.g., water) in a hydronic heating system,
and/or to perform useful work (e.g., in a power-generation or
power-conversion device).

According to a disclosed aspect, a control system can
receive real-time information that pertains to the rate of heat
dissipated by a heat source, as well as real-time information
that pertains to the cooling capacity provided by the cooling
node that corresponds to the heat source. Responsive to the
received real-time information, the control system can
adjust, for example, the mass-flow rate of coolant through
the cooling node to match the cooling capacity of the cooling
node to the rate of heat dissipated by the heat source.
Similarly, the control system can adjust the mass-flow rate
of coolant through the cooling node to improve the quality
of waste heat for useful purposes.

In an embodiment, the control system can reduce a pump
speed or partially close a valve, or both, to reduce a flow rate
of coolant through a given cooling node (as when the rate of
heat dissipation by the heat source falls). Similarly, the
control system can increase a pump speed or partially (or
wholly) open a valve, or both, to increase a flow rate of
coolant through the cooling node, as when the rate of heat
dissipation by the heat source increases.

III. A “Smart” Modular Heat-Transfer System

FIG. 3 schematically illustrates a portion of another
embodiment of a modular heat-transfer system 100. The
depiction in FIG. 3 shows four server-cooling nodes 110a,
1105, 110c¢, 1104, within a rack-level cooling loop, despite
that the system 200 can have more or fewer server-cooling
nodes within the rack-level cooling loop. For example, as
with the modular heat-transfer system shown in FIG. 1, the
heat-transfer system 100 can have 42 server-cooling nodes,
with each server-cooling node corresponding to one rack-
mounted server. Each server-cooling node 110a-d can have
one or more component cooling nodes (e.g., analogous to the
component-level cooling nodes 20qa, 205 in FIG. 1).
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The heat-transfer system 100 has a rack-mounted coolant-
distribution unit 120. As depicted, the coolant-distribution
unit 120 receives heated coolant from a collection manifold
122 and delivers cool coolant to a distribution manifold 124.
The coolant-distribution unit 120 has within a liquid-to-
liquid heat exchanger 125 that rejects heat, Q, from the
coolant received from the collection manifold 122 to cool
facility coolant received by the facility supply inlet 121. As
the facility coolant passes through the heat exchanger 125,
it absorbs the heat, Q, and increases in temperature, even-
tually exiting the heat exchanger through the facility return
outlet 123. After rejecting the heat, Q, the now cooled
coolant enters a central circulation pump 126. An outlet from
the pump is fluidically coupled with an inlet to the distri-
bution manifold 124, allowing the cooled coolant to return
to the several server-cooling nodes 110a-d.

Each server-cooling node 110a-d receives cool coolant
from the distribution manifold 124 and returns heated cool-
ant to the collection manifold 122. For example, each
server-cooling node 110a-d has a supply connection 114a-d
with the distribution manifold 124 and a return connection
115a-d with the collection manifold 122. In the illustrated
embodiment of the heat-transfer system 100, a variable-
position, controllable valve 112a-d is positioned intermedi-
ate the supply connection 114a-d with the distribution
manifold and inlet 111a-d to the cooling node 110a-d. Stated
differently, the branch of the coolant loop that conveys
coolant to and from each server-cooling node 110a-d has a
flow-control valve for adjusting a mass-flow rate of coolant
that passes through each server-cooling node 110a-d.

The heat-transfer system 100 also has a controller 127,
together with one or more communication connections (e.g.,
a signal bus) 128 that communicatively couples the control-
ler 127 with one or more sensors as well as one or more
flow-control devices. For example, based on information
received from one or more sensors, the controller can output
a control signal to adjust operation of one or more flow-
control devices. As an example of such adjustments, an
output signal from the controller can cause a valve to change
or to maintain its opening within a range from 0% open (e.g.,
closed) to 100% open (e.g., unobstructed). As another
example, the control output signal can cause a pump to
speed up, slow down, start, or stop operation. For example,
a coolant-distribution unit may have one or more pumps
hydraulically coupled with each other in parallel, in series,
or a combination of parallel and series to provide suited to
maintain stable operation over a wide range of pressure-drop
and flow-rate conditions. With such a coolant-distribution
unit, the controller can adjust operation of one or more of the
pumps to deliver a target pressure head and flow rate to the
coolant loop of the cooling system 100.

Although the coolant-distribution unit 120 of the heat-
transfer system 100 is depicted as incorporating a liquid-to-
liquid heat exchanger 125, other embodiments of coolant-
distribution units lack an internal heat exchanger, as
discussed above in Section II. Further, the heat-transfer
system 100 is depicted as having a central pump 126, but
other embodiments of “smart” modular heat-transfer sys-
tems have no central pump and instead incorporate distrib-
uted pumps as described for example in U.S. Pat. No.
9,496,200. In such embodiments, the controller enjoys addi-
tional degrees of freedom to tailor cooling capacity through
each cooling node. That is to say, the controller can adjust
a speed or operating point of one or more pumps, e.g., a
central pump and/or one or more distributed pumps (e.g., as
a group or independently) to tailor the degree of cooling
provided by each cooling node in the heat-transfer system.
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IV. Another “Smart” Modular Heat-Transfer System

FIG. 4 schematically illustrates a portion of yet another
embodiment of a modular heat-transfer system 200. The
depiction in FIG. 4 shows four rack-cooling nodes 210a,
21056, 210¢, 2104, within a datacenter-level cooling loop,
despite that the system 200 can have more or fewer rack-
cooling nodes within the datacenter-level cooling loop.

In FIG. 4, each server rack corresponding to a rack-level
cooling node 2104, b, ¢, d contains an array of rack-mounted
servers similar to the array of rack-mounted servers shown
in FIGS. 1 and 3. However, unlike the heat-transfer system
100 shown in FIG. 3, which provides on-rack cooling to one
array of rack-mounted servers, the heat-transfer system 200
shown in FIG. 4 provides cooling to several arrays of
rack-mounted servers.

For example, as with the modular heat-transfer system
shown in FIG. 1, each rack-level cooling node 210a-d can
have 42 server-cooling nodes (e.g., analogous to server-
cooling node 11), with each server-cooling node correspond-
ing to one rack-mounted server. Further, each server-cooling
node within each rack-level cooling node 210a-d can have
one or more component cooling nodes (e.g., analogous to the
component-level cooling nodes 20qa, 205 in FIG. 1).

The heat-transfer system 200 includes an off-rack (e.g.,
stand-alone) coolant-distribution unit 220. As depicted, the
coolant-distribution unit 220 receives heated coolant from a
datacenter-level collection manifold 222 and delivers cool
coolant to a datacenter-level distribution manifold 224. The
coolant-distribution unit 220 has within a liquid-to-liquid
heat exchanger 225 that rejects heat, Q, from the coolant
received from the collection manifold 222 to cool facility
coolant received by the facility supply inlet 221. As the
facility coolant passes through the heat exchanger 225, it
absorbs the heat, Q, and increases in temperature, eventually
exiting the heat exchanger through the facility return outlet
223. After rejecting the heat, Q, the now cooled coolant
enters a central circulation pump 226. An outlet from the
pump is fluidically coupled with an inlet to the distribution
manifold 224, allowing the cooled coolant to return to the
several rack-cooling nodes 210a-d.

Each rack-cooling node 210a-d receives cool coolant
from the distribution manifold 224 and returns heated cool-
ant to the collection manifold 222. For example, each
rack-cooling node 210a-d has a supply connection 214a-d
with the distribution manifold 224 and a return connection
215a-d with the collection manifold 222. In the illustrated
embodiment of the heat-transfer system 200, a variable-
position, controllable valve 212a-d is positioned intermedi-
ate the supply connection 214a-d with the distribution
manifold and inlet 211a-d to the rack-cooling node 210a-d.
Stated differently, the branch of the coolant loop that con-
veys coolant to and from each rack-cooling node 210a-d has
a flow-control valve for adjusting a mass-flow rate of
coolant that passes through each rack-cooling node 210a-d.
In other embodiments, one or more of the controllable
valves 212a-d can be positioned intermediate the return-
manifold connection 213a-d. For example, all of the con-
trollable valves can be positioned intermediate the return-
manifold connection, or in other embodiments, one or more
of'the controllable valves can be positioned intermediate the
supply connection 214a-d and one or more other of the
controllable valves can be positioned intermediate the
return-manifold connection.

As with the cooling system 100 shown in FIG. 3, one or
more server-cooling nodes (not shown) within one or more
of the rack-cooling nodes 210a-d can also have a flow-
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control valve for adjusting a mass-flow rate of coolant that
passes through the server-cooling node(s) within the rack-
cooling node. Alternatively (or additionally), one or more
server-cooling nodes among the rack-cooling nodes 210a-d
can have one or more pumps. Such server-level valves and
pumps can allow a cooling-system operator to tailor the
cooling capacity delivered to each server-cooling node.

Referring again to FIG. 4, the heat-transfer system 200
also has a controller 227, together with one or more com-
munication connections (e.g., a signal bus) that communi-
catively couple the controller 227 with one or more sensors
as well as one or more flow-control devices. For example,
based on information received from one or more sensors, the
controller 227 can output a control signal to adjust operation
of one or more flow-control devices. As an example of such
adjustments, an output signal from the controller can cause
a valve to change or to maintain its opening within a range
from 0% open (e.g., closed) to 100% open (e.g., unob-
structed). As another example, the control output signal can
cause a pump to speed up, slow down, start, or stop
operation. For example, a coolant-distribution unit may have
one or more pumps hydraulically coupled with each other in
parallel, in series, or a combination of parallel and series to
provide suited to maintain stable operation over a wide
range of pressure-drop and flow-rate conditions. With such
a coolant-distribution unit, the controller can adjust opera-
tion of one or more of the pumps to deliver a target pressure
head and flow rate to the coolant loop of the cooling system
200.

Although the coolant-distribution unit 220 of the heat-
transfer system 200 is depicted as incorporating a liquid-to-
liquid heat exchanger 225, other embodiments of coolant-
distribution units lack an internal heat exchanger. Further,
the heat-transfer system 200 is depicted as having a central
pump 226, but other embodiments of “smart” modular
heat-transfer systems have no central pump and instead
incorporate a plurality of pumps distributed among the
rack-cooling nodes 210a-d and/or among the server-cooling
nodes (not shown but analogous to the server-cooling nodes
110a-d) among the rack-cooling nodes 210a-d. In such
embodiments, the controller enjoys additional degrees of
freedom to tailor cooling capacity through each rack- and/or
server-cooling node. That is to say, the controller can adjust
a speed or operating point of one or more distributed pumps
(e.g., as a group or independently) to tailor the degree of
cooling provided by each cooling node in the heat-transfer
system.

V. Sensors and Controllers for “Smart”
Heat-Transfer Systems

As noted, the controller 127 (FIG. 3) and the controller
227 (FIG. 4) has a communication connection with one or
more sensors (not shown) associated with its corresponding
cooling system. Such sensors can determine, for example,
one or more of an external air temperature, a dew point
temperature, an external temperature of a facility supply
inlet 121/221, a temperature of incoming facility coolant, a
temperature of the facility coolant returned by the heat
exchanger 125/225, a temperature of coolant entering the
heat exchanger 125/225 from the collection manifold 122/
222, a temperature of coolant leaving the heat exchanger
125/225 (e.g., entering the pump 126/226), a temperature of
coolant exiting the coolant-distribution unit 120/220 and
entering the coolant distribution manifold 124/224, a tem-
perature of coolant entering each branch of the cooling loop
(e.g., at the connections 114a-d/214a-d), a temperature of
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coolant entering each server-cooling node (e.g., at the inlets
111a-d/211a-d), a temperature of coolant entering, within, or
exiting server-cooling node or a component-cooling node or
a surface temperature of the component-cooling node (e.g.,
nodes 20a, 205 in FIG. 2), a case-temperature of an elec-
tronic component, a die-temperature of an electronic com-
ponent, a temperature of a valve 112a-d/212a-d, a tempera-
ture of coolant exiting each server-cooling node 110a-d or
rack-cooling node 210a-d, and a temperature of coolant
entering the collection manifold 122/222 from each server-
cooling node 110a-d (e.g., at the branch connections 115a-d)
or from each rack-cooling node. Although temperature sen-
sors are specified in the immediately preceding sentence,
exemplary sensors associated with the modular cooling
system 100/200 also include pressure sensors, which can
measure static pressure, dynamic pressure, or a difference
therebetween, at or around each of the foregoing positions,
whether internal to the conduits of the cooling system (and
thus indicating pressure within the coolant) or external to the
conduits (and thus indicating pressure within the datacenter
environment to which the cooling system 100/200 is
exposed, e.g., a barometric pressure). Other representative
sensors include, by way of example, leak-detection sensors
located at one or more of the foregoing or other locations,
flow-rate or fluid-speed sensors, humidity sensors, sensors
for measuring a wet-bulb temperature or dew point, etc. Still
other sensors can measure one or more physical parameters
indicative of a coolant’s “health,” e.g., cooling capacity
and/or remaining coolant life. Such sensors can include, by
way of example, pH sensors for measuring coolant pH,
hygrometers for measuring data-center humidity, hydrom-
eters for measuring coolant density (or volume- or weight-
fraction of water-to-additive (e.g., water-to-glycol)), refrac-
tomers for measuring coolant density (or volume- or weight-
fraction of water-to-additive (e.g., water-to-glycol)), and
other sensors suited for determining, for example, pH,
reserve alkalinity, turbidity, electrical conductivity, volume-
or weight-fraction of water-to-additive (e.g., water-to-gly-
col) and/or any other measure of “health” of the coolant
within the cooling system 100/200.

Further exemplary sensors include sensors configured to
determine an operating speed of the pump 126/226, power
being delivered to a component, a server and/or a rack of
servers, IT workload, and even a configuration or type of
component, server, or rack of servers. In some embodiments,
sensors can be hardware sensors or sensors can be embodied
in software or firmware (e.g., a software or firmware sensor
can output information relating to I'T workload on or among
a group of components, servers or racks, and the controller
127/227 can receive such information over a communication
connection (e.g., communication connection 128/228 or
129/229).

In still another embodiment, the controller can receive
configuration information (as may be stored in read-only
memory or other memory) pertaining to one or more thermal
characteristics or cooling requirements for a component, a
server, or a rack within a given datacenter installation. For
example, a such a memory may store information relating to
component or server power dissipation under different IT
workloads. As another example, such a memory may store
information relating to cooling system parameters, such as
which model of pump is installed in a given coolant-
distribution unit, or even what size of impeller is provided
in a pump. Such information pertaining to pumps can be
used by the controller to identify pump performance curves



US 12,200,914 B2

13

(e.g., to assess or to determine available pressure head for
across a range of output flow-rate) for various pump speeds
and/or impeller sizes.

Similarly, read-only memory can provide the controller
with information pertaining to the number of rack-cooling
nodes, server-cooling nodes within each rack, and compo-
nent-cooling nodes within each server. The controller can
use such information, combined with information pertaining
to the plumbing configuration for each branch of the coolant
loop, to determine or to estimate how pressure varies
throughout the coolant loop under various pump-outlet flow
rates. With knowledge of a pump curve and system pressure
curve, output flow-rate from a coolant-distribution unit
120/220 can be estimated for a given coolant loop.

Moreover, a network-flow-modeling analysis can inform
the controller as to coolant flow-rate through each branch of
the coolant loop for a given output flow-rate from the
coolant-distribution unit 120/220. For example, based on a
mass-balance, the mass-flow rate through a segment 131/
231 of a coolant loop equals the mass-flow rate through the
segment 124/224 less the mass-flow rate through the valve
1124a/212a. Mass-tflow rate through the segments 133/233,
135/235, 137/237 can be similarly determined. Further, mass
flow-rate through the segment 132/232 equals the mass-flow
rate entering the coolant distribution unit 120/220 from the
collection manifold 122/222 less the mass-flow rate return-
ing to the collection manifold through the segment 113a/
213a. Mass-flow rate through the segments 234, 236, and
238 can be similarly determined based in part on the
mass-flow rates returning from the rack-cooling nodes
through the segments 1135-d/2135-d.

And still further, the controller can estimate a cooling
capacity of each cooling node based in part on an estimated
coolant flow rate through each cooling node. If the cooling
capacity for any cooling node exceeds a cooling demand
estimated from sensor inputs and configuration information,
the controller can output a control signal to adjust one or
more valves (e.g., to increase or to decrease a degree of
valve openness or closed-ness) and/or to adjust a pump
speed.

VI. Waste-Heat Recovery Systems

FIG. 5 schematically illustrates an installation of one or
more heat transfer systems as described above in connection
with FIGS. 1 through 4. As with systems described above,
the installed heat-transfer system 300 provides cool facility
coolant to a coolant distribution unit 320. The coolant
distribution unit 320 is analogous to the coolant distribution
units 120, 220 described above.

For example, the coolant distribution unit 320 facilitates
cooling of a server-cooling loop, receiving coolant heated by
one or more heat-dissipation nodes, rejecting heat Q to a
facility coolant and returning the cooled coolant to the one
or more heat-dissipation nodes, e.g., server nodes as in FIG.
3 or rack nodes as in FIG. 4. The installed heat-transfer
system 300 conveys the now-heated facility coolant to a
facility-level cooler 340, which facilitates rejecting heat 345
from the facility coolant to an ultimate heat-sink 341, 342
(e.g., the atmosphere, the Earth, a body of water, Space,
etc.), cooling the facility coolant. The installed heat-transfer
system 300 subsequently conveys the now-cooled facility
coolant back to the coolant distribution unit 320 to provide
further cooling to the server-cooling loop.

More particularly, in the illustrated embodiment, the
coolant-distribution unit 320 receives heated server/rack
coolant from a collection manifold 322 and delivers cool
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server/rack coolant to a distribution manifold 324 after
rejecting heat from the server/rack coolant to the facility
coolant. The coolant-distribution unit 320 has within, in this
embodiment, a liquid-to-liquid heat exchanger (not shown)
that rejects heat, Q, from the server/rack coolant received
from the collection manifold 322 to the relatively cooler
facility coolant received from the facility supply inlet 321.
As the facility coolant passes through the heat exchanger, it
absorbs the heat, Q, and increases in temperature, eventually
exiting the heat exchanger through the facility return conduit
323. After rejecting the heat, Q, the now cooled server/rack
coolant returns to the several nodes to be cooled, e.g.,
rack-nodes or server-nodes (or both).

In addition to providing cool facility coolant to the
coolant-distribution unit 320, the system 300 can recover
some waste heat carried by the facility return conduit 323.
For example, the system 300 can include a waste-heat-
recovery branch 351 fluidly coupled with the return conduit
323, e.g., with a fluid coupler 356. With such a branch 351,
a portion (e.g., a fractional portion or a whole portion) of the
heated facility coolant can be directed from the return
conduit 323 into the waste-heat-recovery branch 351. The
waste-heat-recovery branch 351 can convey the warm facil-
ity coolant to a waste-heat-recovery device 350. A valve
359a can be used to cause some or all of the facility coolant
to be directed through the waste-heat-recovery branch 351.
For example, when the valve 359q is partially closed, a
portion (e.g., a minor fractional portion, a major fractional
portion, or a whole portion) of the facility coolant can pass
through the valve 3594 while a balance of the flow of facility
coolant will tend to pass into the branch 351.

A waste-heat-recovery device 350, in turn, can include a
heat-exchanger (e.g., a liquid-to-liquid heat exchanger, a
liquid-to-air heat exchanger, etc.) configured to facilitate
heat transfer 355 from the heated facility coolant received
from the waste-heat-recovery branch 351 to another, cooler
working fluid. For example, the waste-heat-recovery device
350 can receive a flow of cool working fluid through an inlet
conduit 352 and can provide a thermal coupling between the
flow of warm facility coolant and the relatively cooler
working fluid, allowing the working fluid to absorb the
transferred heat 355. The waste-heat-recovery device 350
can convey the then-heated working fluid through an outlet
conduit 354 for other heating purposes (e.g., floor heating,
industrial heating, room heating, etc.)

In some embodiments, the working fluid can be room air
from an office space and the waste-heat-recovery device 350
can be used to provide or to supplement heating of the room
air. In other embodiments, the working fluid is a liquid, e.g.,
water or a mixture containing water. A liquid heated by the
waste-heat-recovery device 350 can be used in a radiant
heating system to supplement room heating in some embodi-
ments or to supply heat to an industrial process in other
embodiments.

After rejecting the heat 355 from the facility coolant, the
waste-heat-recovery device 350 can return the now-cooled
facility coolant to the main facility loop through the return
line 353. In the embodiment in FIG. 5, a coupler 357 joins
the return line 353 with the facility return conduit 323. As
well, a shunt conduit extends from the return conduit 323 to
the supply conduit 321, e.g., a coupler 358 couples the shunt
conduit with the supply conduit 321.

A valve 3595 can control whether facility coolant passes
through the shunt conduit. For example, when a temperature
of the facility coolant in the return line 353 is at or below a
threshold temperature for the inlet to the facility-level cooler
340, the valve 3595 can permit the relatively cool facility
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coolant from the return line 353 to directly flow into the
supply conduit 321. Alternatively, another portion (e.g., a
minor fractional portion, a major fractional portion, or a
whole portion) of the facility coolant returning from the
waste-heat-recovery device 350 can be allowed to pass into
the supply conduit 321 with the balance of the facility
coolant returning from the waste-heat-recovery device 350
being allowed to pass to an inlet to the facility-level cooler
340. For example, when the valve 3595 is partially closed,
a portion (e.g., a minor fractional portion, a major fractional
portion, or a whole portion) of the facility coolant can pass
from the return line 353 through the valve 3595, while a
balance of the flow of facility coolant from the return line
will tend to pass into the facility return line 323 and
ultimately into the facility-level cooler 340.

Although FIG. 5 shows only valves 3594 and 3595, the
system 300 can include one or more additional valves. For
instance, an optional control valve (not shown) can be
positioned within a branch of the facility-level loop having
the facility-level cooler 340, e.g., in the return line 323
between the coupler 357 and an inlet to the facility-level
cooler 340, in the supply line 321 between the facility-level
cooler 340 and the coupler 358, or within a conduit of the
facility-level cooler 340. The optional control valve can be
closed when the valve 3595 is opened. Such an arrangement
will ensure that facility coolant passes through the shunt
conduit (e.g., through the valve 35954) from the return line
323 to the supply line 321.

Whether cooled by one or both of the facility-level cooler
340 and the waste-heat-recovery device 350, the system 300
supplies cool facility coolant to the coolant distribution unit
320 through the supply line 321.

Further, operation of the valve 3596 with the optional
control valve can be coordinated to selectively control the
portion (e.g., a minor fractional portion, a major fractional
portion, or a whole portion) of the facility coolant that passes
through the shunt conduit from the return line 323 to the
supply line 321 compared to the portion (e.g., a minor
fractional portion, a major fractional portion, or a whole
portion) of the facility coolant that passes through the
facility-level cooler 340 from the return line 323 to the
supply line 321. For example, as described more fully below,
a controller can selectively adjust the valve 3594 and
selectively adjust the optional control valve. As a more
particular, but non-exclusive example, the controller can
adjust each of the valve 3595 and the optional control valve
to a desired opening within a range of opening arrangements
extending from a fully closed arrangement to a fully open
arrangement to achieve a desired apportionment of flow rate
of the facility-level coolant through the shunt conduit and
through the facility-level cooler 340.

As just one example, a controller can incorporate a
processing unit. The processing unit can implement a known
flow-network modelling technique using stored or retriev-
able head-loss information associated with the system 300 to
select an opening position for each of the valve 3595 and the
optional control valve that suitably apportions the flow of
facility coolant through the shunt conduit and the facility-
level cooler. For example, a data store or other accessible
memory can store head-loss information associated with
valve 3595, the optional control valve and other portions of
the system 300 (e.g., shunt-conduit, the branch of the system
300 that includes the facility-level cooler 340 and the
remainder of the fluid-distribution loop in the system 300).
The processing unit can incorporate and combine such
head-loss information with known or modeled pump curves
to assess and determine flow rates through one or more (or
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all) of the conduits of the system 300. As well, the controller
can acquire sensor data and/or predict temperatures and
pressures at one or more locations throughout the system
300. Responsive to a flow-rate, a pressure at a given location
or a pressure-drop through a segment of the system 300, a
temperature at a given location or a change in temperature
through a segment of the system, or another observed or
computed condition of the system 300, the controller can
adjust operation of one or more flow-control devices within
or among the system 300 (e.g., the valve 3595, the optional
control valve, or the valve 359a, another system valve, a
pump). Such adjustments can be made while commissioning
a new system, starting up a newly-installed system, or
during real-time operation of the system 300.

FIG. 5 also shows an optional second coolant distribution
unit in dashed lines. As with the coolant-distribution unit
320, the coolant-distribution unit in dashed lines can receive
cool facility coolant from the facility supply 321, e.g.,
through supply branch 321a, which can facilitate cooling of
a second secondary cooling loop by absorbing heat in a
manner as described in connection with the coolant-distri-
bution unit 320. Similarly, the coolant-distribution unit in
dashed lines can return heated facility coolant to the facility
return 323, e.g., through the return branch 3234. In addition,
though not illustrated in FIG. 5, one or more further coolant-
distribution units analogous to the coolant-distribution unit
320 can be coupled with the facility supply 321 and the
facility return 323 in a manner analogous to that shown and
described in reference to the coolant-distribution unit in
dashed lines. A flow rate of facility coolant through the
facility supply 321 and facility return 323, as well as a
cooling capacity provided by one or more waste-heat-
recovery devices analogous to the waste-heat-recovery
device 350 and the facility-level cooler 340, can be selected
according to an anticipated demand for cooling imposed by
a selected number and sizes of coolant-distribution units 340
to be cooled by the facility system 300.

The embodiment of the system 300 discussed above
recovers waste-heat from a facility coolant. That being said,
principles and aspects of heat-transfer systems described
above in detail in connection with the system 300 can be
applied analogously to other heat transfer systems described
above in detail. Accordingly, a waste-heat recovery device
can be configured to recover waste-heat from coolant cir-
culating through any of the modular heat-transfer systems
described above (e.g., from coolant circulating through a
coolant-distribution unit and one or more corresponding
component-cooling nodes).

VII. Control Logic, Pump Curves and System
Operating Curves

As noted above, pressure loss through a given coolant
loop or branch thereof as a function of mass-flow rate of
coolant through the loop or branch can be adjusted by a
controller 127/227. FIG. 5 schematically illustrates, for a
given pump operating at a constant speed, how the system
operating point (and resulting pump-efficiency) can change
by adjusting, for example, one or more flow-control valves
that impart a higher- or a lower-pressure loss through the
coolant loop (or branch).

FIG. 5 shows a plot 300 of pressure head (or loss) as a
function of flow rate for a pump and for a given coolant loop.
The curve 310 depicts a nominal curve of pressure-loss
through a coolant loop as a function of flow-rate through the
coolant loop. As the curve 310 shows, pressure loss through
the coolant loop (or branch thereof) increases (or decreases)
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roughly with the square of flow rate. The operating point
(flow rate and pressure drop) 320 for the coolant loop (or
branch) is found by the intersection of the system curve 310
with the pump curve 330. The pump curve 330 depicts how
pressure head provided by the pump varies as a function of
discharge flow rate provided by the pump. Overlaid on the
plot 300 are estimates of different pump efficiencies (e.g.,
available fluid energy discharged by the pump divided by the
power consumed by the pump at different operating points
along the pump curve 330. For the pump whose operating
curve 330 is depicted in FIG. 5, the point of most efficient
operation lies between the tick-marks labeled ;.

As the operating point moves to higher discharge heads
and lower flow rates from the upper tick-mark labeled 1, or
to lower discharge heads and higher discharge flow rates,
pump efficiency drops, as indicated by the tick-marks
labeled m, and m;. Accordingly, by partially closing a
flow-control valve or removing a server-cooling node, over-
all pressure loss increases across various flow rates through
the coolant loop, as shown by the adjusted system curve 314.
Perhaps counter-intuitively, for this particular pump and
system adjustment, overall pumping efficiency can increase,
as indicated by movement from a region of relatively lower
efficiency (the lower tick-mark labeled m,) to a region of
relatively higher efficiency (toward the tick-mark labeled
m)-

By contrast, by partially opening a flow-control valve or
perhaps by adding a server-cooling node to a branch of the
coolant loop, overall pressure loss can decrease across
various flow rates through the coolant loop, as shown by the
adjusted system curve 312. Again, perhaps counterintui-
tively, for this particular pump and system adjustment,
overall pumping efficiency can decrease, as indicated by
moving from a region of relatively higher pump efficiency to
a region of relatively lower pump efficiency.

The foregoing discussion of operating point was based on
a pump operating at a constant speed. However, as noted
above, a controller 127/227 can control the speed of one or
more pumps, adding to the degrees-of-freedom available to
the controller to tailor flow-rate (and thus cooling capacity)
among rack-, server-, and component-cooling nodes to
achieve efficient overall operation. For example, FIG. 6
shows a family 400 of pump curves 402, 404, 406 and 408,
each of which corresponds to a given pump speed different
from the speed corresponding to the pump curve 330.
Overlaid on the family 400 of pump curves are lines of
constant pump efficiency (1, m,, and 1;), as well as lines
indicating pumping power (P,, P,, and P;). Combining the
family 400 of pump curves shown in FIG. 6 with the system
curve 310 and its variants 312, 314 arising from adjusting
flow-control valves (e.g., valves 111a-d/211a-d) can yield
the operating point for the cooling systems 100, 200.

As briefly explained above, these various pump curves
and system curves can be stored in a retrievable memory
(e.g., memory 92, storage 94, or storage 9856 in FIG. 6). A
controller (e.g., controller 127, 227 in FIGS. 3 and 4) can
retrieve these pump curves and system curves to select a
suitable pump speed and valve position among the flow-
control valve based, for example, on a measure of IT
workload to be cooled by each component-, server-, and/or
rack-cooling node within the cooling system 100, 200.

For example, a given heat-transfer system installation can
be calibrated as by determining an overall system curve for
each in a plurality of setting combinations of the flow-
control valves 112a-d, 212a-d. These calibrations can be
stored in a memory and retrieved by the controller when it
is called to assess and if appropriate to adjust one or more
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flow-control valve settings based on a given distribution of
IT workload among the servers and components cooled by
the heat-transfer system. Similarly, a family of pump curves
(and the annotated power curves and efficiency curves as in
FIG. 6) can be stored in a memory and retrieved by the
controller. The controller (or an associated processor) can
select a suitable combination of flow-control-valve settings
and pump speeds to achieve a system operating point that
provides an adequate degree of cooling to each rack-,
server-, and/or component-cooling node of interest based on
the observed distribution of IT workload.

Although a closed-form solution to such an optimization
problem would rarely if ever be available, computational
approaches suitable for such optimizations are well-known
under the general category of machine learning. As but
several exemplary approaches, a Bayesian search, a gradient
descent method, a genetic algorithm and a spectral method
can be used to identify a suitable combination of valve
settings and pump speeds to provide a distribution of cooling
among various rack-, server-, and component-cooling nodes
tailored to a distribution of IT workload to be cooled.

In still a further embodiment, the distribution of IT
workload can itself be adjustable to obtain efficient overall
operation (e.g., based on a combination of power consumed
by the IT workload and power consumed by the cooling
system). For example, adjusting the distribution of IT work-
load (which here is being used as a proxy for the distribution
of dissipated heat among the various components, servers
and racks in a data center) can facilitate tailoring the
distribution of cooling among various rack-, server-, and
component-cooling nodes to the IT workload. For instance,
if a given cooling node of a liquid-based cooling system
receives a relatively high mass-flow rate of coolant (and thus
has available a relatively high cooling capacity) across a
variety of flow-control valve and pump settings, a data
center installation that can selectively adjust the distribution
of its IT workload stands to benefit from concentrating
relatively heavier IT workloads among the components,
servers, and/or racks cooled by that higher-capacity cooling
node and distributing relatively lower IT workloads else-
where to be cooled by the relatively lower-capacity cooling
nodes.

VIII. Telemetry, Anomaly Detection, and a System
Control Gateway

Telemetry data from various sensors and flow devices
described above can be tied into the Data Center Information
Manager (DCIM) software and Building Management Sys-
tem (BMS) software to monitor the system performance, as
a whole. For example, a system control gateway can provide
a communication interface between control logic for a
coolant-distribution unit (CDU) (e.g., the controller 127 in
FIG. 3 or the controller 227 in FIG. 4) and a pre-existing
DCIM/BMS.

In an embodiment, the gateway has a first communication
connection with the control logic for the liquid-cooling
system and a second communication connection with the
DCIM/BMS system. Notably, a communication protocol
over the first communication connection with the liquid-
cooling system’s control logic can differ from a communi-
cation protocol over the second communication connection
with the DCIM/BMS system. Further, the physical (or
wireless) interfaces over which the communication connec-
tions exist can differ between the first communication con-
nection and the second communication connection. For
example, the first communication connection (e.g., to the
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liquid-cooling system’s control logic 127) can incorporate
Cat6 Ethernet connections for SNMP, Modbus 1P, RS-485,
CANBus and other known communication protocols. And,
the first communication connection can include one or more
discrete I/O and analog input connections suitable for vari-
ous types of sensors, including for example, leak-detection
sensors. An advantage of digitized communication of sensor
signals using such protocols, for example, is that the sensors
need not be positioned close to the gateway device. Further,
digitized sensor signals can be less susceptible to electro-
magnetic interference and other sources of noise that can
interfere with a sensor signal, providing a more reliable
signal over longer distances than analog sensor signals can
provide.

By contrast, DCIM and BMS systems commonly inter-
face with a network over an ethernet connection using other
communication protocols, such as, for example, BACNet,
SNMP, Modbus and Redfish. Nonetheless, the gateway can
serve as a middle-ware layer that translates information
pertaining to the liquid-cooling system into information that
the DCIM and BMS system can absorb. For example, the
secondary supply temperature in one embodiment can be
read from address 30015 as a 16-bit signed integer with a
scale of 0.1. In another embodiment, he secondary supply
temperature can be read from address 30012 as a 32-bit
signed integer with a scale factor of 0.1. In this example, the
gateway can incorporate a look-up table or other data store
that relates each in a plurality of cooling systems with a
corresponding address, data length, and scale factor for the
secondary supply temperature. Of course, a given liquid-
cooling system can incorporate any number of sensors of
various types, as described above. Accordingly, the data
store can relate each liquid-cooling system (or component)
with a selected plurality of sensors and sensor types. Further,
the data store can relate each sensor or sensor type with an
address, word length, scale factor and any other selected
parameter suitable to obtain relevant information.

Additionally, the gateway can map each sensor or sensor
type to a given variable or register in a DCIM or BMS data
structure. Accordingly, when the gateway receives informa-
tion from the liquid cooling system or its control logic, the
gateway can map the received data to a suitable channel in
the DCIM or BMS system, allowing the DCIM or BMS
system to receive data from the liquid-cooling system. With
such a standardized gateway, the amount of software
required to interface to a new device can be significantly
reduced.

Further, such a gateway can provide enhanced anomaly
detection across a plurality of installed heat-transfer sys-
tems. For example, control logic for a given modular heat-
transfer system, as described above, may receive informa-
tion from a selected array of sensors and/or servers.
Nonetheless, a given data-center installation may include a
plurality of such modular heat-transfer systems, e.g., dozens,
hundreds, or thousands of such systems. Accordingly, a
gateway can access information from each modular heat-
transfer system and not just from the servers or sensors
associated with a single cooling loop. Accordingly, the
gateway can implement a multi-variate anomaly-detection
technique to assess whether operating anomalies (e.g., leaks,
over-temperature components, failed or failing pumps, etc.)
have occurred or are likely to occur within any one or more
in the plurality of heat-transfer systems.

Similarly, the gateway can predict when maintenance or
repairs should occur, rather than relying solely on pre-
defined maintenance intervals or waiting for an outright
failure to occur. For example, a gateway can monitor flow
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rate as a function of pump speed evaluate how that relation-
ship might evolve over time. In this example, if flow-rate
decreases over time at a given pump speed, then a pump may
need to be serviced or a filter may need to be changed (e.g.,
a decrease in flow-rate can indicate a failed or failing pump
or increased pressure-head in the system due to filter block-
ages).

Further, a gateway can receive an interrupt or other signal
directly from a leak-detection sensor or via a controller (e.g.,
control logic 127, 227), providing a facility with a pathway
for responding to a leak, in addition to the response provided
by a given cooling node or cooling loop. For example, a
DCIM or a BMS might adjust or re-route a supply of coolant
to the branch in which a leak is detected, in addition to, for
example, a cooling loop’s controller disconnecting or oth-
erwise isolating coolant from or within the branch. As
another example, input to a DCIM or a BMS can permit the
DCIM or BMS to adjust a server workload or to transfer the
server workload from a server affected or in the vicinity of
a leak to another server remotely positioned from the leak
and out of harm’s way from the leak. In such an operation,
the DCIM or BMS can supplement or otherwise route
coolant to the remotely positioned server.

As yet another advantage provided by a gateway that
aggregates information across closed-loop or modular heat-
transfer system, overall energy consumed by cooling an
installation can be monitored, controlled or reduced. For
example, a data-center installation can have a plurality of
closed-loop or modular heat-transfer systems. Within each
closed-loop system, control logic can determine a minimum
flow rate that each rack (or node) needs to maintain a given
component (e.g., a processor) at or below a threshold
temperature, as described above.

A gateway that monitors a plurality of closed-loop heat-
transfer systems, in turn, can aggregate control over the
plurality of closed-loop systems and inform whether pumps
in a given closed-loop system need to be operated at a higher
flow rate (and thus consume more power) or whether they
can operate a lower flow rate (and thus consume less power).
For example, a gateway in communication with a DCIM/
BMS system (e.g., over an IPMI bus) can receive informa-
tion relating to a current or an anticipated workload on one
or more servers. The gateway can respond to a current or
anticipated workload for a group of servers in a given
closed-loop system by tailoring flow rates within those
servers to the workload.

Similarly, the gateway can assess a measure of cooling
margin remaining in a given closed-loop system and com-
municate that assessment to a DCIM/BMS controller, which
can in turn tailor a workload on the servers cooled by that
system to correspond to the remaining margin. For example,
one or more servers cooled by a given closed-loop heat-
transfer system might have excess cooling applied to them
under a given workload. The gateway can observe the
operating conditions of those one or more servers, determine
that the servers are available for increased workload, and
communicate that availability to the DCIM/BMS system. In
response, the DCIM/BMS system can schedule future work-
loads to be applied to the under-utilized servers, balancing
workloads across the servers in a given installation while
ensuring that power consumed by the cooling system is kept
low or is minimized. Further, a smart manifold as described
above can be used to tailor cooling across a plurality of
nodes to similarly maintain lower power usage while pro-
viding adequate server cooling.

IX. Computing Environments

FIG. 7 illustrates a generalized example of a suitable
computing environment 90 in which described methods,
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embodiments, techniques, and technologies relating, for
example, to maintaining a temperature of a logic component
and/or a power unit below a threshold temperature can be
implemented. The computing environment 90 is not
intended to suggest any limitation as to scope of use or
functionality of the technologies disclosed herein, as each
technology may be implemented in diverse general-purpose
or special-purpose computing environments. For example,
each disclosed technology may be implemented with other
computer system configurations, including wearable and/or
handheld devices (e.g., a mobile-communications device),
multiprocessor systems, microprocessor-based or program-
mable consumer electronics, embedded platforms, network
computers, minicomputers, mainframe computers, smart-
phones, tablet computers, data centers, servers and server
appliances, and the like. Each disclosed technology may also
be practiced in distributed computing environments where
tasks are performed by remote processing devices that are
linked through a communications connection or network. In
a distributed computing environment, program modules may
be located in both local and remote memory storage devices.

The computing environment 90 includes at least one
central processing unit 91 and a memory 92. In FIG. 7, this
most basic configuration 93 is included within a dashed line.
The central processing unit 91 executes computer-execut-
able instructions and may be a real or a virtual processor. In
a multi-processing system, or in a multi-core central pro-
cessing unit, multiple processing units execute computer-
executable instructions (e.g., threads) to increase processing
speed and as such, multiple processors can run simultane-
ously, despite the processing unit 91 being represented by a
single functional block. A processing unit can include an
application specific integrated circuit (ASIC), a general
purpose microprocessor, a field-programmable gate array
(FPGA), a digital signal controller, or a set of hardware logic
structures arranged to process instructions.

The memory 92 may be volatile memory (e.g., registers,
cache, RAM), non-volatile memory (e.g., ROM, EEPROM,
flash memory, etc.), or some combination of the two. The
memory 92 stores software 98a that can, for example,
implement one or more of the technologies described herein,
when executed by a processor.

A computing environment may have additional features.
For example, the computing environment 90 includes stor-
age 94, one or more input devices 95, one or more output
devices 96, and one or more communication connections 97.
An interconnection mechanism (not shown) such as a bus, a
controller, or a network, interconnects the components of the
computing environment 90. Typically, operating system
software (not shown) provides an operating environment for
other software executing in the computing environment 90,
and coordinates activities of the components of the comput-
ing environment 90.

The store 94 may be removable or non-removable, and
can include selected forms of machine-readable media. In
general machine-readable media includes magnetic disks,
magnetic tapes or cassettes, non-volatile solid-state memory,
CD-ROMs, CD-RWs, DVDs, magnetic tape, optical data
storage devices, and carrier waves, or any other machine-
readable medium which can be used to store information and
which can be accessed within the computing environment
90. The storage 94 can store instructions for the software
985, which can implement technologies described herein.

The store 94 can also be distributed over a network so that
software instructions are stored and executed in a distributed
fashion. In other embodiments, some of these operations
might be performed by specific hardware components that

10

15

20

25

30

35

40

45

55

60

22

contain hardwired logic. Those operations might alterna-
tively be performed by any combination of programmed
data processing components and fixed hardwired circuit
components.

The input device(s) 95 may be any one or more of the
following: a touch input device, such as a keyboard, keypad,
mouse, pen, touchscreen, touch pad, or trackball; a voice
input device, such as a microphone transducer, speech-
recognition software and processors; a scanning device; or
another device, that provides input to the computing envi-
ronment 90. For audio, the input device(s) 95 may include
a microphone or other transducer (e.g., a sound card or
similar device that accepts audio input in analog or digital
form), or a computer-readable media reader that provides
audio samples to the computing environment 90.

The output device(s) 96 may be any one or more of a
display, printer, loudspeaker transducer, DVD-writer, or
another device that provides output from the computing
environment 90.

The communication connection(s) 97 enable communi-
cation over or through a communication medium (e.g., a
connecting network) to another computing entity. A com-
munication connection can include a transmitter and a
receiver suitable for communicating over a local area net-
work (LAN), a wide area network (WAN) connection, or
both. LAN and WAN connections can be facilitated by a
wired connection or a wireless connection. If a LAN or a
WAN connection is wireless, the communication connection
can include one or more antennas or antenna arrays. The
communication medium conveys information such as com-
puter-executable instructions, compressed graphics informa-
tion, processed signal information (including processed
audio signals), or other data in a modulated data signal.
Examples of communication media for so-called wired
connections include fiber-optic cables and copper wires.
Communication media for wireless communications can
include electromagnetic radiation within one or more
selected frequency bands.

Machine-readable media are any available media that can
be accessed within a computing environment 90. By way of
example, and not limitation, with the computing environ-
ment 90, machine-readable media include memory 92, stor-
age 94, communication media (not shown), and combina-
tions of any of the above. Tangible machine-readable (or
computer-readable) media exclude transitory signals.

As explained above, some disclosed principles can be
embodied in a tangible, non-transitory machine-readable
medium (such as microelectronic memory) having stored
thereon instructions. The instructions can program one or
more data processing components (generically referred to
here as a “processor”) to perform a processing operations
described above, including estimating, computing, calculat-
ing, measuring, adjusting, sensing, measuring, filtering,
addition, subtraction, inversion, comparisons, and decision
making (such as by the control unit 52). In other embodi-
ments, some of these operations (of a machine process)
might be performed by specific electronic hardware com-
ponents that contain hardwired logic (e.g., dedicated digital
filter blocks). Those operations might alternatively be per-
formed by any combination of programmed data processing
components and fixed hardwired circuit components.

For sake of brevity throughout this disclosure, computing-
environment components, processors, interconnections, fea-
tures, devices, and media are generally referred to herein,
individually, as a “logic component.”

X. Working Embodiment

In a working embodiment, a pressure independent bal-
ancing and temperature control valve having two tempera-
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ture and two pressure sensors was used to adjust/control
flow through portions of a working cooling system. The
pressure sensors are mounted on both sides of the valve
allowing for flow measurement, and the temperature sensors
are mounted on the supply and return manifold and are used
to measure the differential temperature across the IT gear.
Maximizing the AT can reduce the amount of pumping
power required to keep the IT gear operating below its
maximum temperature.

Once configured, this valve can operate autonomously, or
can be connected to the BMS to report telemetry data
including a BTU meter and flow meter. The valves can be
configured to fully open, fully close or remain in a given
position if a power or control communication failure is
experienced.

As discussed above, benefits of a “smart” manifold and/or
a “smart” cooling system include efficiency increases. By
controlling flow at a per-rack level, the required pumping
power can be reduced, the number of racks serviced by one
CDU can be increased and there can be better resolution in
assessments of how a given cluster is performing.

The amount of energy saved by disclosed principles can
vary according to how IT workload is managed by the
cluster. Substantial savings can be achieved when the rack is
at a low IT workload. This can occur when, for example, the
rack is idle, or when a given workload is 1O intensive, but
not computationally intensive, for example.

For this example, consider a system that has the following
configuration (or operating conditions: Tprimary=45 C;
Qprimary=300 LPM; 15 racks, with 42 dual socket Skylake
servers with a max TDP of 205 W; and Tcase,max=80 C. The
system can be designed to cool the maximum TDP of 205 W
with a 90% flow rate of the CHx750, which can deliver 0.74
LPM. This gives an expected Tcase for the first socket of
75.2 C and for the second socket, 79.2 C, as FIG. 8 shows.

Such a scenario can arise from IO intensive workloads
where the CPUs are only operating at about 100 W of power
consumption. In this case, the CDU pump speed can be
reduced to 20%, for a flow rate of just 0.16 LPM per node.
In this configuration under this load, CPUs will be at 68.7 C
and 77.9 C respectively.

The CDU pumps have been reduced by 70%, and the
CDU power consumption drops from 4.1 kW to the mini-
mum of 2.5 kW, a savings of approximately 40%. See FIG.
9.

As an alternative to electrical power savings, the number
of racks supported by one CDU can be increased, which can
reduce capital expenditures for a given installation. For
example, using the same system parameters as above, the
system can be designed to operate a pump at 100% of its
rated speed to meet an upper threshold power dissipation
(e.g., 100% thermal load), despite that the system is rarely
being utilized to 100% of the upper threshold power dissi-
pation. Instead of cooling a given system under such a high
workload, an embodiment of a disclosed cooling system can
adjust the coolant mass-flow rate according to the return
temperature of coolant from each rack, diverting flow to the
racks that need higher coolant mass-flow rate for higher
cooling capacity.

As shown in FIG. 10, an additional rack can be added
while maintaining a component case temperature of about
76.3 and 80.2 C. Although this temperature may exceed an
upper threshold temperature, this situation it is unlikely to
occur in the field as a flow of coolant can be diverted from
other racks under less load, either by a gateway or by the
control logic 127/227.
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Similarly, a leak detection system can be tied into the
same DCIM/BMS to which the Smart Manifold is tied. This
can allow for rack-level isolation when a leak is detected. In
some embodiments, a flow-control valve (e.g., 112a-d,
212a-d) can incorporate a leak detection and/or an automatic
server or rack isolation function. For example, the flow-
control valve can automatically close on detection of a leak.

Co-location data centers can have different rack configu-
rations. As these facilities adopt direct liquid cooling, they
may find tailoring coolant mass-flow to a given server’s IT
workload to be desirable. Technologies disclosed herein can
avoid the use of manual, mechanical flow setter valves that
require an operator to manually adjust settings for each rack.

XI. Other Embodiments

The examples described above generally concern appa-
ratus, methods, and related systems to tailor a cooling
system’s cooling capacity to an observed or predicted dis-
tribution of IT workload. Nonetheless, the previous descrip-
tion is provided to enable a person skilled in the art to make
or use the disclosed principles. Embodiments other than
those described above in detail are contemplated based on
the principles disclosed herein, together with any attendant
changes in configurations of the respective apparatus or
changes in order of method acts described herein, without
departing from the spirit or scope of this disclosure. Various
modifications to the examples described herein will be
readily apparent to those skilled in the art.

Directions and other relative references (e.g., up, down,
top, bottom, left, right, rearward, forward, etc.) may be used
to facilitate discussion of the drawings and principles herein,
but are not intended to be limiting. For example, certain
terms may be used such as “up,” “down,”, “upper,” “lower,”
“horizontal,” “vertical,” “left,” “right,” and the like. Such
terms are used, where applicable, to provide some clarity of
description when dealing with relative relationships, par-
ticularly with respect to the illustrated embodiments. Such
terms are not, however, intended to imply absolute relation-
ships, positions, and/or orientations. For example, with
respect to an object, an “upper” surface can become a
“lower” surface simply by turning the object over. Never-
theless, it is still the same surface and the object remains the
same. As used herein, “and/or” means “and” or “or”, as well
as “and” and “or.”” Moreover, all patent and non-patent
literature cited herein is hereby incorporated by reference in
its entirety for all purposes.

And, those of ordinary skill in the art will appreciate that
the exemplary embodiments disclosed herein can be adapted
to various configurations and/or uses without departing from
the disclosed principles. Applying the principles disclosed
herein, it is possible to provide a wide variety of cooling
nodes, and related methods and systems to tailor a cooling
system’s distribution of cooling capacity to an estimated or
observed distribution of I'T workload (or power dissipation).
For example, the principles described above in connection
with any particular example can be combined with the
principles described in connection with another example
described herein. Thus, all structural and functional equiva-
lents to the features and method acts of the various embodi-
ments described throughout the disclosure that are known or
later come to be known to those of ordinary skill in the art
are intended to be encompassed by the principles described
and the features and acts claimed herein. Accordingly,
neither the claims nor this detailed description shall be
construed in a limiting sense, and following a review of this
disclosure, those of ordinary skill in the art will appreciate
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the wide variety of cooling nodes, and related methods and
systems to tailor a cooling system’s distribution of cooling
capacity to an estimated or observed distribution of IT
workload (or power dissipation) that can be devised using
the various concepts described herein.

Moreover, nothing disclosed herein is intended to be
dedicated to the public regardless of whether such disclosure
is explicitly recited in the claims. No claim feature is to be
construed under the provisions of 35 USC 112(f), unless the
feature is expressly recited using the phrase “means for” or
“step for”.

The appended claims are not intended to be limited to the
embodiments shown herein, but are to be accorded the full
scope consistent with the language of the claims, wherein
reference to a feature in the singular, such as by use of the
article “a” or “an” is not intended to mean “one and only
one” unless specifically so stated, but rather “one or more”.
Further, in view of the many possible embodiments to which
the disclosed principles can be applied, we reserve the right
to claim any and all combinations of features and technolo-
gies described herein as understood by a person of ordinary
skill in the art, including the right to claim, for example, all
that comes within the scope and spirit of the foregoing
description, as well as the combinations recited, literally and
equivalently, in any claims presented anytime throughout
prosecution of this application or any application claiming
benefit of or priority from this application, and more par-
ticularly but not exclusively in the claims appended hereto.

We currently claim:

1. A heat-transfer system, comprising:

a cooling circuit configured to convey heated coolant
from one or more cooling nodes to one or more
heat-rejection devices, and to convey the cooled cool-
ant from the one or more heat-rejection devices to the
one or more cooling nodes, wherein each cooling node
facilitates a transfer of heat to the coolant, the heat
being from one or more heat-dissipation devices and a
corresponding heat load on the respective cooling node,
and wherein each heat-rejection device facilitates heat
transfer from the coolant to another medium;

a selectively operable flow-control device configured to
control a flow rate of the coolant through a segment of
the coolant circuit; and

a plurality of sensors and a control logic, the control logic
configured to selectively operate the flow-control
device responsive to an output from one or more of the
plurality of sensors, said selective operation causing the
heat-transfer system to tailor a cooling capacity avail-
able to each cooling node to the real-time heat load on
the respective cooling node, wherein the coolant in the
cooling circuit comprises a facility coolant and wherein
at least one of the one or more cooling nodes comprises
a coolant heat-exchange unit configured to transfer heat
from a secondary coolant to the facility coolant, cool-
ing the secondary coolant, the heat-transfer system
further comprising:

a secondary cooling circuit having a plurality of server-
cooling nodes;

a secondary distribution manifold configured to distribute
the secondary coolant among the plurality of server-
cooling nodes; and

a secondary collection manifold configured to collect the
secondary coolant from the plurality of server-cooling
nodes, wherein the coolant heat-exchange unit fluidicly
couples with the secondary collection manifold to
receive heated secondary coolant from the plurality of
server-cooling nodes and wherein the coolant heat-
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exchange unit fluidicly couples with the secondary
distribution manifold to distribute cooled secondary
coolant among the plurality of server-cooling nodes.

2. The heat-transfer system according to claim 1, wherein
the coolant heat-exchange unit is a first coolant heat-ex-
change unit and the secondary cooling circuit is a first
secondary cooling circuit, wherein the at least one of the one
or more cooling nodes comprises a second coolant heat-
exchange unit and wherein the heat-transfer system further
comprises a second secondary cooling circuit cooled by the
facility coolant.

3. The heat-transfer system according to claim 1, wherein
at least one of the one or more cooling nodes comprises a
component-cooling node corresponding to each of a plural-
ity of servers, each component-cooling node being config-
ured to transfer heat from a processing unit to the secondary
coolant.

4. The heat-transfer system according to claim 1, wherein
the selectively operable flow-control device comprises an
adjustable valve.

5. The heat-transfer system according to claim 1, wherein
the selectively operable flow-control device comprises a
controllable pump.

6. The heat-transfer system according to claim 1, wherein
the one or more heat-rejection devices comprises a waste-
heat recovery device configured to transfer heat from the
coolant to another working fluid.

7. The heat-transfer system according to claim 1, further
comprising a gateway having a first communication con-
nection with the control logic, the plurality of sensors, or
both, and a second communication connection with a Data
Center Information Manager, a Building Management Sys-
tem, or both, the gateway being configured to receive first
information over the first communication connection and to
communicate the received first information over the second
communication connection, to receive second information
over the second communication connection and to commu-
nicate the received second information over the first com-
munication connection, or both.

8. The heat-transfer system according to claim 7, wherein
the first received information corresponds to a measure of
cooling margin available from the heat-transfer system.

9. The heat-transfer system according to claim 7, wherein
the second received information corresponds to an 1T work-
load scheduled for one or more servers, wherein the heat
load on the respective cooling node corresponds to the IT
workload.

10. A heat-transfer system, comprising:

a plurality of cooling nodes, each cooling node configured
to transfer heat to a coolant, the transferred heat gen-
erated by one or more electronic components corre-
sponding to each cooling node;

a flow controller configured to control a flow rate of
coolant to a selected one or more of the plurality of
cooling nodes in correspondence with a real-time deter-
mination of the heat generated by the one or more
electronic components corresponding to the selected
one or more of the plurality of cooling nodes;

a communication gateway configured to receive informa-
tion from the flow controller and to communicate the
information to a Building Management System, a Data
Center Information Manager, or both, and wherein the
communication gateway is further configured to
receive information from the Building Management
System, the Data Center Information Manager, or both
and to communicate the information to the flow con-
troller, wherein the flow controller is configured to
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isolate one of the one or more of the plurality of cooling
nodes responsive to selected information received from
the communication gateway.

11. The heat-transfer system according to claim 10, fur-
ther comprising a plurality of sensors, each sensor in the first
plurality of sensors being configured to observe a corre-
sponding one or more parameters of a selected one of the
plurality of cooling nodes, wherein the communication
gateway is configured to determine a state of-operational-
health of the selected cooling node from the one or more
parameters observed by the plurality of sensors and to
communicate an indication of the state of-operational-health
to the Building Management System, the Data Center Infor-
mation Manager, or both.

12. The heat-transfer system according to claim 10,
wherein the flow controller is further configured to control
the flow rate of coolant to the selected one or more of the
plurality of cooling nodes responsive to information
received from the communication gateway.

10

15

28

13. The heat-transfer system according to claim 10,
wherein the information received from the communication
gateway corresponds to information received by the gateway
from from the Building Management System, the Data
Center Information Manager, or both.

14. The heat-transfer system according to claim 10,
wherein real-time determination of the generated heat cor-
responds to information received from the Building Man-
agement System, the Data Center Information Manager, or
both.

15. The heat-transfer system according to claim 10,
wherein the flow controller comprises a control logic and a
flow-control device.

16. The heat-transfer system according to claim 10,
wherein the flow controller comprises a valve, a pump, or
both.



